To address these limitations, we engineered a new class of molecular TPs that spatiotemporally report traction forces on the basis of DNA hairpins. DNA hairpins unfold in response to precise amounts of force 13, 14 that can be tuned by varying the length and composition of the DNA sequence 15, 16 . We conjugated DNA hairpins of various stem lengths and sequences to different fluorophore-quencher pairs such that fluorophores were quenched in the folded state but fluoresced in the unfolded state ( Supplementary Fig. 1 and Supplementary Tables 1-3) . The 5′ end of each hairpin was conjugated to the GGRGDS peptide, which binds integrin adhesion receptors 17 . Although we chose the well-established RGD sequence to provide cell-adhesive functionality for this study, the synthesis could be modified to attach different peptides, or larger proteins, through either their N termini or lysine side chains. The 3′ end of the hairpin was functionalized with a free thiol linker, enabling chemical conjugation to cell culture substrates. When a cell is attached to a substrate through TPs, TP fluorescence enables the reversible, optical measurement of cell traction forces (Fig. 1a) .
To address these limitations, we engineered a new class of molecular TPs that spatiotemporally report traction forces on the basis of DNA hairpins. DNA hairpins unfold in response to precise amounts of force 13, 14 that can be tuned by varying the length and composition of the DNA sequence 15, 16 . We conjugated DNA hairpins of various stem lengths and sequences to different fluorophore-quencher pairs such that fluorophores were quenched in the folded state but fluoresced in the unfolded state ( Supplementary Fig. 1 and Supplementary Tables 1-3 ). The 5′ end of each hairpin was conjugated to the GGRGDS peptide, which binds integrin adhesion receptors 17 . Although we chose the well-established RGD sequence to provide cell-adhesive functionality for this study, the synthesis could be modified to attach different peptides, or larger proteins, through either their N termini or lysine side chains. The 3′ end of the hairpin was functionalized with a free thiol linker, enabling chemical conjugation to cell culture substrates. When a cell is attached to a substrate through TPs, TP fluorescence enables the reversible, optical measurement of cell traction forces (Fig. 1a) .
We used a dual-beam optical trapping apparatus to determine the forces needed to open TP constructs. We tested whether the chemical modifications made to these nucleic acids (including the attachment of a fluorophore-quencher pair and the addition of the PEG spacer) or the composition of the cell culture medium used for live-cell experiments perturbed the values previously determined for DNA hairpins with otherwise similar sequences 16 ( Fig. 1b) . Single TPs were attached to DNA handles and held in a 'dumbbell' arrangement between two optically trapped beads; we then subjected the TPs to a range of loads, using a force clamp to determine the F 1/2 value at room temperature, the force at which the hairpin spends equal time in its folded and unfolded states. The F 1/2 values for chemically modified hairpins in culture medium did not differ substantially from values obtained with unmodified DNA hairpins in a simple monovalent salt buffer 16, 18 ( Fig. 1c and Supplementary Table 4 ), suggesting that the chemical modifications and culture medium compositions did not strongly influence the forces needed to open various TP hairpins. Because cell cultures are maintained at 37 °C, correction factors were applied to the measured F 1/2 values to estimate opening forces at 37 °C: F * 1/2 (Supplementary Table 1) . We plated mouse embryonic fibroblasts (MEFs) on TP-conjugated glass substrates and imaged cell-generated force signals via total-internal-reflection fluorescence (TIRF) microscopy. Strong fluorescence signals over background noise (500:1) were detected that mirrored the sizes, shapes and locations of focal adhesions
We developed molecular tension probes (tPs) that report traction forces of adherent cells with high spatial resolution, can in principle be linked to virtually any surface, and obviate monitoring deformations of elastic substrates. tPs consist of dna hairpins conjugated to fluorophore-quencher pairs that unfold and fluoresce when subjected to specific forces. We applied tPs to reveal that cellular traction forces are heterogeneous within focal adhesions and localized at their distal edges.
Traction forces are critical for many cellular processes, including migration, proliferation and differentiation [1] [2] [3] [4] . Despite the central role played by such forces in cell function, the primary technique to measure them uses elastic substrates including polyacrylamide gels or elastomeric posts 5, 6 . The elasticity of these materials itself modulates cellular tractions, adhesion and function [7] [8] [9] , thereby confounding the measurement. Furthermore, the spatial resolution of conventional methods to measure traction forces is typically limited to micrometers by the sizes of substrate deformations or by the density of posts or other fiducial markers used to map the deformations 10 . To overcome this limit, Salaita and coworkers recently described a molecular force sensor in which an entropic poly(ethylene glycol) (PEG) spring separates a fluorescence resonance energy transfer pair 11 . Although this technique is promising, it is difficult to tune the stiffness of this spring to capture different ranges of relevant forces. Wang and Ha reported an alternative approach using dsDNA, wherein the sequence and length of basepair complementarity can tune the force required to pull apart the strands 12 . In this system, the detachment of cells provides a quantitative measure of forces, but no spatiotemporal resolution.
(FAs) (Fig. 2a, Supplementary Figs Figs. 5-7) . When we cultured cells on a surface coated with an equimolar mixture of two TPs with different F 1/2 values, both TPs reported the same magnitude and pattern of traction stresses in cells. The ratio of signal intensity between the two TPs was constant across the range of observed cellular forces, suggesting that TP fluorescence signal and traction force have a simple linear relationship across this range (Supplementary Fig. 6 ).
The fluorescence signal reports the number of unfolded TPs per pixel and therefore may be used to infer the lower bound of traction stress (force per unit area) applied at the surface (Online Methods). The resulting stress maps revealed mean traction levels per adhesion (~1 kPa) that are consistent with previous estimates calculated by assuming that forces were evenly distributed across the area of adhesions 19 . These maps, however, revealed that the spatial distribution of traction stresses between, and within, each FA is strikingly heterogeneous, with stresses peaking as high as 30 kPa (Fig. 2a) . To confirm that the fluorescence signals reflected traction forces, we examined the effects of either suppressing or enhancing cell contractility. Addition of Y-27632, an inhibitor of contraction 20 , rapidly extinguished traction signals distributed in large adhesions to dim, punctate signals (Fig. 2b,c and Supplementary Video 2) . Conversely, treatment of starved cells with lysophosphatidic acid (LPA), a strong stimulant of contraction 21 , led to a rapid growth of bright foci again reminiscent of FAs (Fig. 2d,e and Supplementary  Video 3) . Together, these results suggest that the observed fluorescence signals reflect bona fide changes in cellular traction forces.
Diminished surface density of adhesive ligand lowers the total force that cells exert 22 , but the forces experienced by individual adhesions are unknown. Consistent with prior studies, decreasing stoichiometries of the TP and its non-adhesive analog lacking the RGD sequence and fluorophore resulted in less cell spreading, fewer and smaller adhesions, and lower total cell force ( Supplementary Figs. 8 and 9a-f) . Surprisingly, the tension per adhesion and tension per TP peaked at intermediate TP density (Supplementary Fig. 9g,h ), implying that adhesive ligand-induced activation of cellular contractility occurs at a lower ligand density than that of ligand-induced adhesion assembly.
TPs offer a substantial improvement in spatial resolution compared to traditional traction force methods, which typically report forces on a scale of several micrometers 23 . Because TPs are single fluorescent molecules, the resolution of traction force To demonstrate the utility of this resolution, we cultured MEFs expressing mRFP-tagged vinculin, a scaffolding protein that localizes to FAs, and compared the distribution of vinculin to the distribution of TP signal. The locations and geometries of traction foci correlated strongly with those of FAs; however, the TP foci were consistently closer to the cell edge than vinculin foci by ~200 nm ( Fig. 3a and Supplementary Fig. 5 ). Two recent studies using traction force microscopy on elastic gels also reported forces focused to distal edges 24, 25 , but it is difficult to interpret whether the larger spatial shift (1.4 µm) reported in those studies is due to differences in resolution or substrate stiffness.
Following the evolution of traction forces and FAs, we also observed three distinct classes of adhesions. In one class, traction force and vinculin location correlated to a high degree throughout the lifetime of the adhesion; force increased during adhesion assembly and subsided during its disassembly (86 of the 112 adhesions cataloged; Fig. 3b,c) . In a second class, force and vinculin colocalized at the initiation of the adhesion, but as the adhesion continued to grow and extend toward the center of the cell, force remained localized to the distal tip of the elongating adhesion (12 of 112 adhesions; Fig. 3d,e) . In a third class of adhesions, which formed in the cell interior well behind lamellipodia, no force was observed despite vinculin clustering (14 of 112 adhesions; Fig. 3f,g ). Time-lapse studies highlighted the heterogeneity of stress experienced within any given adhesion: some exhibited a single concentrated peak of stress; some showed multiple peaks that appeared, disappeared, merged or split; and some showed a plateau in stress, with no concentrated peaks. All together, these findings reveal a complex orchestration of cellular forces within FAs.
This study establishes DNA hairpins as versatile molecular reporters to study cellular forces. Methods to measure traction forces using elastic substrates have been instrumental in establishing the importance of forces 26 . Although molecular TPs are currently unable to provide directional information about forces, their improved resolution, their ability to attach to arbitrary substrates and the versatility that should be possible by coupling different adhesive ligands all afford special advantages in elucidating the contribution of cellular forces to cell adhesion and function. Previous studies have coupled elastic chains and fluorescence resonance energy transfer probes to report forces across vinculin and epidermal growth factor receptor 27, 28 . The TPs developed here, by contrast, generate a higher signal-to-noise ratio owing to the substantial change in fluorescence as a function of fluorophorequencher distance. Furthermore, the well-established relationship between DNA sequence and DNA folding energetics 16 enables the rational design of TPs for sensing force over various ranges of interest. Although the investigation of DNA mechanics has largely been used to establish fundamental models of polymer physics, using these physical principles to engineer DNA-based probes that report molecular forces may enable a new class of measurement tools and provide new insights into forces generated by living systems at the cellular level. 
Synthesis of force probes for cellular experiments.
For each force probe, two DNA fragments (A and B) were synthesized on 1 µmol scale on a PerSeptive Biosystems Expedite 8909 DNA synthesizer, using commercially available standard base monomers and sequence modifiers. The larger fragment A contained a 5′ protected thiol modifier (thiol-modifier C6 S-S, Glen Research) followed by an amino modifier (Fmoc amino-modifier C6 dT, Glen Research) and either nucleotides 1-34 of the hairpin sequence for TP9 and TP17 or nucleotides 1-19 for TP6. Alternatively, fluorescently labeled fragments were synthesized using a fluorophorecontaining phosphoramidite (6-fluorescein serinol phosphoramidite, Cy3 Phosphoramidite, TAMRA-dT, Glen Research). The smaller fragment B contained the remaining nucleotides of the force probe at the 5′ end, followed by a quencher (Epoch Eclipse quencher phosphoramidite, Glen Research; BBQ-650-dT CEP, Berry & Associates; BHQ-1-dT), a PEG spacer (spacer phosphoramidite 18, Glen Research) and a 3′ protected thiol modifier (3′ thiol modifier C6 SS CPG, Biosearch Technologies). Fragments under 20 nucleotides in length were synthesized with cleavage of the final trityl group on resin. Following solid-phase synthesis, final cleavage from the solid support and the removal of protecting groups were carried out by treatment with aqueous ammonium hydroxide and methylamine (1:1) at 65 °C for 20 min. For TAMRA-containing DNA sequences, an UltraMILD deprotection scheme was deployed following the manufacturer's instructions. The oligonucleotides were purified by reverse-phase HPLC (Agilent Technologies 1200 series), using a linear gradient from 100 mM triethyl ammonium acetate to 100% acetonitrile at 45 °C on an Eclipse XBD C18 column (5 µm, 9.4 mm × 250 mm, Agilent) and lyophilized. If appropriate, the trityl group was removed by the addition of 3% trifluoroacetic acid followed by precipitation with 10% (v/v) 3 M NaOAc, pH 5, and 300% (v/v) ethanol. Where appropriate, A fragments were labeled with fluorophore by incubating 100 nmol oligonucleotide and 1 µmol fluorophore (5-carboxyfluorescein N-succinimidyl ester, Sigma; Alexa Fluor 546 succinimidyl ester, Life Technologies; Alexa Fluor 647 succinimidyl ester, Life Technologies) for 18 h at 25 °C in 200 mM aq. NaHCO 3 , pH 8.3. Excess fluorophore was removed by ethanol precipitation of the oligonucleotide-fluorophore conjugate. The peptide was appended to the 5′ thiol modification as follows: 100 mM dithiothreitol (DTT) was added to the oligonucleotide in 50 mM Na 2 HPO 4 , pH 8, at 25 °C for 30 min to cleave the 5′ S-S bond. The reaction was purified by size-exclusion chromatography using a NAP-5 column (GE Healthcare Life Sciences) and ethanol precipitation. 100 nmol of the thiol-containing oligonucleotide was stirred with 2 µmol SM(PEG) 8 (Thermo Scientific), 20 µmol GGRGDS and 5 µmol Tris(2-carboxyethyl)phosphine (TCEP) in 500 mM KH 2 PO 4 , pH 7.1, for 18 h at 25 °C. The reaction was purified by ethanol precipitation and then by a NAP-5 column. Purity was analyzed by liquid chromatography-mass spectrometry (LC/MS). If the relative coupling yield was below approximately 50%, the peptide conjugation reaction was repeated. Peptide-DNA conjugates were purified by denaturing gel electrophoresis on a 10% TBE-urea gel (Bio-Rad) at 55 °C. The desired peptide-linked product was recovered by incubating the desired gel slices overnight in 300 mM NaCl twice. Extracted peptide-DNA conjugates were filtered to remove gel fragments and ethanol precipitated. B fragments were 5′ phosphorylated by incubating 200 nmol oligonucleotide with 100 U T4 PNK (NEB) in 1× CutSmart buffer (NEB) and 400 nmol ATP for 2 h at 37 °C, followed by inactivation of the enzyme for 20 min at 65 °C. The completeness of the phosphorylation reaction was analyzed by LC/MS.
Labeled fragments A and B were ligated by mixing 50 nmol and 70 nmol, respectively, in 1× CutSmart Buffer with 100 nmol ATP. For the unstructured (US) control sequence, another 100 nmol DNA splint was added to anneal and ligate the two fragments together. The mixture was heated to 94 °C for 5 min followed by incubation at 25 °C for 15 min. After the fragments were melted and annealed, 8,000 U T4 DNA ligase (NEB) were added, and the mixture was incubated for 16 h at 25 °C. Subsequently, the reaction mixture was ethanol precipitated, dissolved in 80% formamide, and purified by denaturing gel electrophoresis on a 10% TBE/urea gel (Criterion, Bio-Rad) at 65 °C. The desired bands were cut from the gel, and the DNA was extracted twice by addition of 300 mM NaCl, which was followed by filtration, to remove gel debris, and ethanol precipitation. The purity of the product was analyzed by LC/MS. If necessary, gel purification was repeated. Cleavage of the 3′ S-S bond was performed with 100 mM DTT in 50 mM Na 2 HPO 4 , pH 8, at 25 °C for 30 min and followed by gel filtration using a NAP-5 column (GE Healthcare Life Sciences). A different synthesis scheme was deployed for the fluorescein-labeled unfolded control construct, US-fluorescein. It was synthesized on solid support as a single piece with an amino modifier at the 5′ end (5′-amino-modifier 5, Glen Research), followed by fluorescein (6-fluorescein phosphoramidite, Glen Research), the oligonucleotide sequence, the epoch eclipse quencher and the 3′-protected thiol modifier (3′ thiol modifier C6 SS CPG). After cleavage and work-up as described above, the peptide was appended by incubation of 50 nmol oligonucleotide with 800 nmol bis-NHS crosslinker (BS(PEG)9, Thermo Scientific) in 100 mM KH 2 PO 4 , pH 7.1, at 25 °C for 30 min, followed by addition of 8 µmol GGRGDS and incubation at 25 °C for 18 h. Work-up and thiol deprotection procedures were performed as described above. The purified force probes were analyzed by LC/MS, quantified by UV spectroscopy and lyophilized.
In total, ten TPs, with opening forces ranging from 8.1 to 19.3 pN (measured at 21 °C), were synthesized from different combinations of hairpins and fluorophores (Supplementary Tables 1  and 2 ). Thermal melting of the TPs demonstrated unfoldinginduced fluorescence (Supplementary Fig. 1 ). Several candidate fluorophore-quencher pairs were investigated, on the basis of their spectral overlap and quenching properties, but only npg combinations containing fluorescein, Alexa 546, or Alexa 647 as the fluorophore and Epoch Eclipse as the quencher produced robust, cell-dependent fluorescence signals (Supplementary Table 3) . Immobilization of TPs on surfaces did not appear to disrupt quenching efficiencies (remaining at 97-99%). Oligonucleotides lacking self-complementarity were used as unfolded controls; by design, these did not produce cell-dependent fluorescence. An overview of the synthesis and the sequences of the individual hairpins are given in Supplementary Tables 1 and 2 and Supplementary Figure 1. Synthesis and characterization of force probes in optical tweezers experiments. The synthesis of TPs used for the determinations of opening force was carried out analogously to the method described above. Fragment A contained a 5′ adaptor sequence for annealing with complementary sequences, as described previously 1 , followed by a PEG spacer (spacer phosphoramidite 18), fluorescein (6-fluorescein phosphoramidite, Glen Research) and either nucleotides 1-34 of the hairpin sequence for TP9 or nucleotides 1-19 for TP6. Fragment B contained the remaining nucleotides of the force probe at the 5′ end followed by the quencher (Epoch Eclipse quencher phosphoramidite), a PEG spacer (spacer phosphoramidite 18) and a 3′ adaptor sequence. HPLC purification, phosphorylation and ligation were performed as described above. Unfolding forces, distances and F 1/2 values were measured as described previously 16, 18 using dual-beam optical tweezers. For TP9 and TP6, the F 1/2 values measured in culture medium (at 21 °C) were 11.3 ± 0.6 and 8.1 ± 0.7 pN, respectively, and the opening distances were 17.6 ± 0.4 and 8.0 ± 0.2 nm (mean ± s.e.m.). Because fluorophore conjugation and buffer substitution were not found to significantly affect the folding energetics of TP9 (Fig. 1c and  Supplementary Table 4) , the F 1/2 value for TP17 was taken to be identical to a previously measured value for an unmodified hairpin with the identical sequence (19.3 pN; ref. 16) . Unless otherwise noted, the uncertainties reported here for measured parameters were computed from the statistical s.e.m. added in quadrature to estimates of the systematic errors in the measurements 18 .
Liquid chromatography-mass spectrometry of force probes. Oligonucleotides were analyzed by LC/MS using a Waters Aquity UPLC coupled to a Waters Q-TOF Premier instrument. 10 pmol sample was run using a linear gradient from 6 mM triethylammonium bicarbonate to 100% methanol over 5 min on an Aquity UPLC BEH C18 column (1.7 µm, 2.1 mm × 100 mm, Waters) at a constant flow rate of 150 µL/min. Electrospray ionization was used with a capillary voltage of 3 kV and a sampling cone voltage of 40 V; the detector was operated in negative-ion mode.
Melting curves of force probes. Force probes were assayed at a 100-500 nM concentration in PBS or 0.2× PBS, 6 M urea on a CFX-96 real-time system with a C1000 thermal cycler (Bio-Rad). After an initial refolding step for 2 min at 94 °C followed by 5 min at 25 °C, the probes were gradually heated to 94 °C while the fluorescence was observed using the predefined settings for FAM (fluorescein-labeled force probes), HEX (Alexa 546-, Cy3-and TAMRA-labeled force probes) and Cy5 (Alexa 647-labeled force probes).
Functionalization of glass coverslips with TPs. TPs were covalently attached to glass surfaces through an aminosilane reagent coupled to a succinimide-PEG-maleimide cross-linker that was reacted with the 3′ end of the hairpins 29 (Supplementary Fig. 1 ). Initial studies with multifunctional silanes led to high background signals, prompting us to use a monofunctional ethoxysilane to conjugate only one layer of hairpins to the surface and avoid intramolecular effects or adsorption. Circular coverslips (25-mm diameter, #1 thickness) were sonicated in methanol for 5 min and dried in an oven. They were then plasma cleaned for 5 min (Plasma Prep II, SPI Supplies). 3-(Ethoxydimethylsilyl) propylamine (Sigma) was incubated with the coverslips for functionalization at 3% (v/v) concentration in 200-proof ethanol along with 10% acetic acid aqueous solution as a catalyst at 3% (v/v) concentration (Sigma) for 3 h. The coverslips were then rinsed thoroughly with 200-proof ethanol, dried with nitrogen gas and baked at 110 °C for 1 h. Functionalized coverslips were stored under argon. Upon further functionalization, the coverslips were submerged in borate buffer (BB, 50 mM sodium borate, pH 8.5) for 1 h to protonate the amino group on the silane. A heterobifunctional poly(ethylene glycol) (PEG), which has an amine reactive N-hydroxysuccinimide ester (NHS) on one end and a thiol reactive maleimide group on the other, was dissolved in anhydrous dimethylsulfoxide (DMSO) under argon at 250 mM concentration and stored at −20 °C, as per the manufacturer's instruction (Thermo Scientific) (this cross-linker is henceforth referred to as SM(PEG) 2 ). SM(PEG) 2 is very sensitive to hydrolysis, so it was divided into aliquots and frozen for one-time use. The SM(PEG) 2 stock was diluted tenfold in BB immediately before use, and the silane-functionalized coverslips were dried with nitrogen gas and incubated in SM(PEG) 2 reaction-buffer for 90 mi, then rinsed 4× in sterile DI water. TPs were dissolved in a 100 µM stock concentration in 10 mM Tris-HCl, pH 7.85, buffer (TB) (Quality Biologicals) with 1 mM MgCl 2 and (Sigma) 1 mM ethylenediaminetetraacetate (EDTA) disodium dihydrate (Gibco) and stored at −20 °C. Prior to conjugation, the TPs were thawed and diluted to 1 µM in the same buffer and heated at 90 °C for 5 min and then cooled to room temperature for 10 min to ensure proper folding. TCEP was added to the DNA at a concentration of 10 mM and incubated for 30 min to reduce the thiol at the 3′ end. The hairpin solution was then transferred to Amicon Filter 0.5 mL Units (Millipore) with a 3-kDa cutoff and spun in a centrifuge at 16,000g for 30 min to remove TCEP and most of the TB. The tubes were then filled with a coupling buffer (CB), a pH 7.2, 0.1 M sodium phosphate buffer (144.1 mM Na 2 HPO 4 ·7H 2 O and 7.25 mM NaH 2 PO4·H 2 O). The tubes were then centrifuged again at 16,000g for 30 min to replace the TB with CB. The final volume of the tube was adjusted to match the desired TP concentration during the coupling. 3 µM TP concentration during coupling resulted in maximal cell attachment and spreading, with lower surface concentrations resulting in diminished attachment. Coverslips conjugated with SM(PEG) 2 were inserted into Attofluor cell chambers (Invitrogen) for cell seeding and imaging. TPs in CB solution were then added to the coverslips to incubate for 2 h. After the coupling reaction, the coverslips were rinsed with 0.05% Tween 20 to rid the surface of noncovalently attached DNA and then rinsed 4× with phosphate buffered saline (PBS). Substrates could be stored overnight at 4 °C in TB and were sufficiently stable to allow cell attachment and study for at least 12 h. However, the substrates are nuclease sensitive, as addition of DNase (DN25, DNase I from bovine npg pancreas, 10 mg/mL, Sigma) during imaging of cells attached on TP-conjugated surfaces led to loss of signal and cell detachment within 10 min. To functionalize surfaces with TPs of two different unfolding forces, we conjugated an equimolar mixture of the TPs in CB to activated coverslips, as described above (1.5 µM each to keep the total TP concentration constant at 3 µM). To vary the amount of TPs bound to surfaces, we coupled different molar ratios of TPs and a 'null' TP (without adhesive peptide and dye) with a fixed total concentration of 3 µM. Changes in background signal of quenched (folded) TPs at different coating densities were negligible, and background subtraction algorithms therefore did not affect estimated measurements of force.
were used to perform the background removal and noise filtering as described in "Imaging and image processing, " as well as analysis of TP signals to report stress per pixel, force per focal adhesion and force per cell as described in the "Calibration" section. Three or more biological replicates were used for all studies, with indicated numbers of cells and adhesions analyzed in each legend for relevant studies. Cells that did not attach and spread were a minority and were not included in the analyses. 
